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FIG. 1: Average specic birefringence, n=c, plotted for F-
actin in the concentration range of 1.0-7.3 mg/ml, and of 5
dierent l. The data show the region of I-N transition for
F-actin.
that the average birefringence of the sample reached a
saturation value after two or three inversions (data not
shown). Our measurements conrm the previous ndings
that the threshold concentration of the I-N transition is
inversely related to l [11, 13]. The specic birefringence,
n=c, increases with the c and reaches a saturated level
at the long lament conditions. Further increase in c in-
creased n but not n=c, suggesting that the entire sam-
ple was in the nematic state. Actin samples of shorter
l did not reach the saturation level for n=c, suggest-
ing that either the laments were only weakly aligned,
or that the measured value was the weighed average of
co-existing domains. Variation of birefringence with po-
sition was observed, but usually over relatively large re-
gions with no sharp boundaries. No clearly separated
domains of either I or N phase were detected based on
the birefringence measurements.
Co-existing I-N domains were expected theoretically
to contain laments of dierent concentrations, which is
the basic criterion for a 1st order phase transition of a
rodlike suspension. In order to detect the concentration
dierence between co-existing I-N domains of F-actin,
TRITC- phalloidin (Sigma, St. Louis, MO) was added
into F-actin to a ratio of 1/1000 and the intensity of uo-
rescence provided a quantitative report of concentration
variation, especially in regions of the capillary where local
birefringence varied. Measurements of birefringence and
uorescence were performed for F-actin samples in order
to correlate variations of both parameters. Fig. 2 displays
a set of combined measurements in one representative
condition of a 7.3 mg/ml F-actin sample of l = 3m. It
is shown in Fig. 1 that F-actin under this condition is in
the I-N transition region. Therefore, one would expect to
have I-N co-existence based on the theoretical predictions
of a 1st order transition. The n in the particular region
shows alternating stripes of high and low values, a phe-
nomenon reported earlier [10, 12]. Such a zebra pattern
with white stripes and black grooves appeared occasion-
ally in both thick (up to 0.4 mm thickness using a rect-
angular capillary) and thin samples (10 m, for example,
as shown in Fig. 2). Due to the continuous variation in
both n and direction of the slow axis over the entire
region, the dark and bright areas do not correspond to
separate I-N domains. The black grooves are not discli-
nation lines [14]. In most cases of our observations for
the nematic samples of l  3m, zebra patterns were
either not formed, or too fuzzy to be discerned. Instead,
the birefringence pictures appeared rather uniform, with
few line defects. Disclinations were observed less frequent
than once per hundreds of sample slides.
The corresponding uorescence image (Fig. 2, C and
D) shows constant c over the entire region of this sam-
ple. The same result of uniform concentration holds for
weakly birefringent regions of less dened patterns, as
well (data not shown). In all actin concentrations up
to 7.3 mg/ml and l  3m, we saw no discernable do-
main boundaries of co-existence based on the birefrin-
gence data. Instead, a blending of domains of compara-
ble levels of alignment was occasionally observed, which
led to either zebra patterns or other variants. In all cases,
c was measured to be strictly uniform, forcing us to con-
clude that no co-existence occurred to F-actin spanning
the region of I-N phase transition.
Additional experiments were performed to examine
two possible causes for the lack of concentration variation
in the I-N transition of F-actin. First, we suspected that
the F-actin network at several mg/ml might be weakly
crosslinked [15]. As a result, the polymerizing actin so-
lution may rst form a nematic phase when l reaches
the value required by the excluded volume eect. Fur-
ther polymerization and/or annealing by the crosslink-
ing eect may lead to gelation so that the network is
unable to achieve its true thermodynamic equilibrium,
with well separated I-N domains in co-existence. A sec-
ond possibility is that the extremely long F-actin tend
to get suÆciently entangled and thus kinetically trapped
in a gel-like or glassy state with local orientational or-
der but no global phase equilibrium. We address these
concerns by mixing a small number of labeled laments
with 7 mg/ml unlabeled F-actin, both of l = 3m, and
show that the labeled laments undergo rapid thermal
motions. Fig. 3 shows a time sequence of one lament in
a nematic domain by overlaying images with 0.5 sec inter-
vals. The laments diuse preferentially along their axis.
The diusion coeÆcient of each labeled lament was de-
termined by calculating the hx
2
i over a movie sequence
of 50{150 frames. The translational diusion of labeled
lament along its axis is found to be 1:30=L (m
2
=sec),
where L, omitting its unit of m, is the length of the dif-
fusing lament. The pre-factor of 1.30 obtained from the
t in Fig. 3 is smaller than the theoretical value of 3.90
for the translational diusion along lament axis in the
dilute limit. This reduction by a factor of 3 is not surpris-
3FIG. 2: A. Birefringence values of 7.3 mg/ml F-actin with l = 3m. The gray scale of 0{4 nm covers the range of n. B. A
line plot of n along the diagonal cut, shown from the top right to the bottom left. C. Fluorescence image of the same region.
The measured intensity values varied from 82 to 85 only, over the camera range of 0{255. D. A line plot diagonally across the
image, showing little variation in intensity value. The sample thickness is 10 m.
ing since F-actin are highly entangled at a few mg/ml. In
contrast, the lateral and rotational diusion coeÆcients
are suppressed by factors of at least 10 and 100, respec-
tively, although we were unable to obtain these small
values limited by the image resolution.
We propose that the I-N transition of F-actin of l 
3m corresponds to the continuous transition between a
topologically ordered isotropic phase (T) and a weakly
aligned nematic phase (N), as predicted theoretically by
Lammert, Rokhsar & Toner (LRT) [8]. First, the suspen-
sion of long (aspect ratio over 300) and sti (persistence
length 15 m [17]) actin laments satisfy one key crite-
rion of defect suppression, which according to the LRT
theory renders the transition continuous. The disclina-
tion lines are energetically costly for F-actin, as the bend-
ing elastic constant (K
3





) for long and sti rods [16]. Indeed, few
line defects and nearly no disclinations were observed in
F-actin samples. Second, suppression of rotational diu-
sion likely leads to breaking the inversion symmetry of
long laments in the concentrated F-actin. Therefore,
vectorial directionality can be assigned to individual l-
aments, and in this context, the isotropic state becomes
topologically ordered. A schematic phase diagram for
F-actin as shown in Fig. 4, which translates the main
predictions of the LRT theory, as depicted in Fig. 2 of
ref. [8].
We now briey discuss two other features that aect
the I-N transition: the lament exibility and the poly-
dispersity of length. The exibility is known to suppress
the concentration gap between co-existing I-N domains.
For instance, such a gap for the I-N transition of the semi-
exible fd/M13 viruses is reduced to about 10% of the
up limit concentration of the isotropic phase [4], down
from over 30% predicted by the Onsager theory for rigid
rods [5]. The fd or M13 virus has about the same di-
ameter as F-actin, but a persistence length of 2:2 m
[4], much shorter than that of F-actin (15{20 m) [17].
Therefore, the eect of limited exibility for F-actin is
insuÆcient to lead to disappearance of the concentration
gap characteristic of a 1st order transition for most poly-
mer liquid crystals [18]. While polydispersity has been
speculated as a possible cause of smearing the I-N phase
boundary, calculations for bidispersed rods suggest not
narrower but wider co-existing regions [19]. Experimen-
tal study of polydisperse systems of short rods suggests
a wider co-existence region for the I-N transition [20].
Dogic and Fraden recently attempted to detect co-
existence for the I-N transition of pf1, another lamen-
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